[1] Buoyancy frequency and shear were used to estimate spatial and temporal variations in Richardson number, Ri, on Georges Bank. Calculations were based on CTD and ADCP data from 41 stations occupied repeatedly over 17 cruises during winter and spring, 1995 -1999. Stations were grouped into five spatial averaging regions, two depth zones, and two seasons. Average Ri ranged from 0.01 to 1.63 with a general tendency of increasing Ri with total water depth. Significant differences in average Ri between the two seasons and two depth zones were also found. These differences were largely due to variations in buoyancy frequency, and to a lesser degree due to variations in shear. Our results offer an empirical context for examining spatial and temporal variability of vertical mixing on the Bank. Citation: Pease, C., and M. A.
Introduction
[2] Georges Bank is a large shallow submarine bank separating the Gulf of Maine from the Northwest Atlantic. It is highly energetic, with tidal currents up to 1 m s À1 , and temporally and spatially varying currents driven by a combination of tides, wind, and buoyancy effects [Butman and Beardsley, 1987] . It is one of the most productive shelf ecosystems in the world for primary production and fisheries [Cohen and Grosslein, 1987] . The shallowness of the Bank means phytoplankton are not usually lightlimited, and strong tidal currents and mixing enable a steady supply of nutrient-rich water from surrounding deeper waters. However, many aspects of the Bank's physical and biological variability are still not well understood [Wiebe et al., 2002] .
[3] Vertical mixing and turbulence have been shown to be important to the Bank in a variety of contexts. Several observational studies have estimated vertical eddy diffusion coefficients using dye-release experiments [Houghton and Ho, 2001; J. Ledwell, personal communication, 2004] and/or microstructure measurements [Burgett et al., 2001; Horne et al., 1996; Loder et al., 1993; Yoshida and Oakey, 1996] . However, such field experiments are time intensive, and their results are often only applicable over short space and time scales. Estimates of k z from numerical modeling studies offer better spatio-temporal coverage, but vary from one study to another [e.g., Lynch et al., 1996; Chen et al., 2001] . Numerous turbulence closure schemes have been proposed for boundary layer regions [e.g., Large et al., 1994, and references therein] . A number of observationally and theoretically based parameterizations for interior mixing have also been proposed for the deep ocean [e.g., Pacanowski and Philander, 1981; Henyey et al., 1986; Gargett, 1989] . However, less work has been done for stratified mixing over continental shelves [e.g., MacKinnon and Gregg, 2003] , and a general mixing parameterization for coastal regions has yet to emerge.
[4] The paucity of direct mixing estimates and lack of a general coastal parameterization make it difficult to quantify mixing on the Bank. The wide range of processes and dynamical regimes make relating vertical mixing to largerscale observed parameters a difficult problem at best. One quantity that is readily estimated using larger-scale conductivity, temperature and depth (CTD) and acoustic Doppler current profiler (ADCP) observations, however, is the gradient Richardson number,
where N and S are buoyancy frequency and shear. While Ri has traditionally been ascribed to microscale turbulence, with a critical value of Ri=0.25 being a necessary condition for shear instability [e.g., Miles, 1961] , formally, it is welldefined at any scale. Although larger-scale estimates may underestimate smaller-scale shear, and hence overestimate small-scale Ri, a number of the aforementioned studies relate 4-m Ri directly to turbulent dissipation. These parameterizations break down in unstratified regions such as the surface and bottom boundary layers, as N goes to zero. However, a low Ri in these cases can still provide information about the times and locations when the ocean is well mixed. In short, while Ri-based parameterizations may not be strictly applicable everywhere, understanding how Ri varies spatially and temporally is useful to understanding mixing, and hence improving the parameterizations themselves.
[5] With these considerations in mind, the primary goal of this study is to provide an empirical basis for understanding temporal and spatial (both lateral and vertical) variations of mixing-related quantities based on large-scale observations. To this end, we use a large-scale data set to examine spatial and temporal variability of Richardson number on Georges Bank. To our knowledge, a comparable study using a large-scale data set does not exist. As such, the present empirical approach offers a small but valuable step toward addressing the vertical mixing parameterization problem on the Bank.
Data and Methods
[6] We used CTD and ADCP data collected during the U.S. GLOBal ocean ECosystem dynamics (GLOBEC) Northwest Atlantic/Georges Bank program to compute Ri on the Bank. The broadscale surveys repeatedly sampled a set of 41 standard stations from January-June, 1995 -1999 ( Figure 1 ). We used 17 cruises conducted by R/V Albatross; R/V Endeavor; and R/V Oceanus, for which both CTD and ADCP data were available. Data acquisition and processing details can be found at: http://globec.whoi.edu/globec.html and http://bnlpo.msrc.sunysb.edu/globec/.
[7] We used 1 m CTD data (downcasts only) to compute N 2 from 2 m below the surface to a few meters above bottom; and 4 m ADCP data to compute mean shear profiles, hS 2 i, from 15 m below the surface to about 70% of total water depth. For the latter, profiles for each station and cruise were computed by averaging over 30 min windows centered on the times of the CTD casts. This reduced noise, while avoiding averaging over different parts of the tidal cycle and/or large distances off station. To match averaging scales of the ADCP, density profiles were smoothed using a 4 m running mean. They were then sorted to obtain gravitationally stable profiles per [Thorpe, 1977] .
Resultant N 2 profiles were linearly interpolated to the depths of the ADCP shear, and the ratio, N 2 /hS 2 i, used to compute 4 m Richardson number. Since the ADCP data excluded the upper-and lower-most portions of the water column, results here are relevant to the mid-water column.
[8] Stations were grouped into five regions, coarsely representing major dynamical regimes on the Bank in terms of mean circulation and winter and spring locations of the tidal mixing front (TMF) [e.g., Wiebe et al., 2002; Mavor and Bisagni, 2001 ] (see Figure 1 ). Stations north [south] of the TMF for 5 or more of the 6 months examined were grouped as North Flank (NF) [South Flank (SF) ]. Stations inside the TMF for 4 or more months were grouped as Crest. Remaining stations, that is, those inside the TMF for 2 or 3 months, were grouped as either Transition North (TN) or Transition South (TS). Here, north-south divisions were determined by the approximate location of Scotian Shelf cross-over events to the northeast, and the Great South Channel to the southwest. The five averaging regions were further divided vertically into upper (U) and lower (L) depth zones, above and below 31 m, roughly the depth of the seasonal pycnocline. (Analyses using 20, 40, and 50 m suggest our results were not extremely sensitive to the choice of depth.) Last, the data were divided into Winter (W; Jan. -Mar.) and Spring (S; Apr. -Jun.) seasons.
[9] In all of the above, when computing the average Ri by region, we used the geometric mean, with the standard error of log 10 (Ri) as the uncertainty. This assumes each of the data subsets was distributed lognormally, which by and large they were. Corresponding probabilities, P(Ri) < 0.25, were also computed for each averaging set.
Spatial and Temporal Variations in Ri
[10] Station-averaged Ri for all times and depths ranged from 3.2 Â 10 À3 to 1.4, with lower values occurring over the crest, and higher values on the flanks (Figure 1 ), broadly consistent with known characteristics of mixing on the Bank, that is, smaller Ri and greater mixing on the crest than 
PEASE AND SUNDERMEYER: RICHARDSON NUMBER ON GEORGES BANK L06608
flanks [e.g., Chen et al., 2001; Lynch et al., 1996] . The same averages are plotted as a function of total water depth in Figure 2 . A linear regression shows the trend of increasing Ri with total water depth, and gives that on average, Ri is subcritical at stations shallower than 90 m (n = 33; r 2 = 0.41).
[11] Profiles of Ri averaged by region and season (Figure 3) show that Crest and TN were significantly subcritical in both winter and spring. The same was true for TS in winter, while the upper part of the mean Ri profile for TS was supercritical in spring. Mean Ri profiles for NF were subcritical in the upper 70 m in winter, while for SF they were marginally critical over all depths. Otherwise Ri was supercritical for NF and SF in winter and spring.
[12] Results for the 20 averaging regions are summarized in Figure 4 . Working from crest to flanks, differences between the regions (at 95% confidence) were as follows. Crest had smaller average Ri than all other regions for both depths and seasons. TN had smaller Ri than TS, NF and SF for all depths and seasons except NF upper and TS upper and lower in winter, when there was no difference. TS lower had smaller Ri than NF and SF for both seasons, while TS upper had smaller Ri than SF in winter, but was not different from SF in spring or NF in either season. Finally, NF had smaller Ri than SF in the upper part of the water column, but no difference in the lower part.
[13] In winter, no differences with depth were found for Crest, TN, TS, or SF; while in spring, Crest, TS, and SF showed a decrease in Ri with depth. Meanwhile, NF showed an increase in Ri with depth for both seasons, and TN showed no difference for either season. NF, SF and TS showed an increase in Ri with season in both the upper and lower water column. Crest and TN showed no seasonal difference.
Discussion
[14] Comparison of mean Ri for the 20 averaging sets showed statistically significantly differences by region, depth, and season. In some cases, Ri varied by more than an order of magnitude, suggesting potentially large spatial and temporal variations in mixing across the Bank. In other cases, differences were small or insignificant. In all cases, however, distributions of Ri (e.g., Figure 3 ) indicated a high degree of intra-regional variability.
[15] The most pronounced signal was an overall increase in Ri with increasing total water depth (Figure 2 ). Many regions also showed significant differences in Ri between the upper and lower layers, particularly in spring. The lack of significant variation with depth for nearly all regions in winter is consistent with the breakdown of stratification by winter cooling, combined with tidal and wind mixing. The decrease in Ri with depth in spring for Crest, TS, and SF may be due to: 1) increased tidal mixing at depth, which leads to reduced stratification and greater shear near the bottom, and 2) increased insolation, and freshwater runoff from the nearby Scotian Shelf and Gulf of Maine, both of which enhance near-surface stratification. Indeed, separate analysis of N 2 and hS 2 i suggests that variations in Ri across the Bank are dominated by variations in N 2 , which ranged from 1.0 Â 10 À4 to 4.7 Â 10 À7 ( Figure 5 ), and only secondarily by hS 2 i, which ranged from 3.0 Â 10 À5 to 8.2 Â 10 À5 (Figure 6 ). TN also showed a decrease in Ri with ) by region. Format is similar to Figure 4 . depth in spring, although it was not statistically significant. Last, NF showed an increase in Ri with depth for both seasons, possibly due to sharp gradients in the tidally induced flow there.
[16] The combined probability of subcritical Ri in winter for Crest/TS/SF was 64%, consistent with independent results from tripod data by Werner et al. [2003] from the southeastern part of the Bank, which ranged from 65-69% at mid-depths, to 92-95% in the surface and bottom mixed layers. This included high probabilities over Crest and TN at all depths and for both seasons. On the flanks, apart from upper winter NF, Ri was more likely to be supercritical.
[17] The above results, namely, lower Ri in winter and on the crest, are consistent with previous studies. Burgett et al. [2001] found diffusivities of 2 -3 Â 10 À2 m 2 s À1 from spring microstructure observations on the crest/south flank, while numerous studies conducted in summer [e.g., Houghton and Ho, 2001; Burgett et al., 2001; Horne et al., 1996; Loder et al., 1993; Yoshida and Oakey, 1996] reported values ranging from 10 À5 to 10 À2 m 2 s À1 over the northern and southern flanks, that is, comparable or less mixing over the flanks as spring/summer progress. We are not aware of any direct estimates of mixing on Georges Bank in winter. However, we expect it is large when the water column is unstratified.
[18] Combining previous estimates of mixing with our results showing both subcritical and supercritical Ri across the Bank, we offer a simplified model for vertical diffusivity on the Bank:
À3 to 10 À2 if Ri 0:25 10 À5 to 10 À4 if Ri > 0:25:
[19] While this model certainly does not capture the complexity of mixing on the Bank, in lieu of a robust physically-based parameterization spanning the wide range of conditions on the Bank, it suffices to show the major features, namely, the onset of mixing when Ri < 0.25, and the high and low mixing regimes found by previous studies. The step-function nature of (2) is similar to mixing schemes used in numerical models insofar as it effectively switches mixing on or off according to a Ri criterion. Meanwhile, the magnitudes of the subcritical and super-critical regimes are similar to values found in numerical models. Here we cite a range of diffusivities for super-and sub-critical Ri to emphasize that this model should be interpreted only to within an order of magnitude.
[20] With the above simplified model in hand, we briefly examine the potential implications of spatial and temporal variability in mixing to vertical nutrient fluxes on the Bank. Following Bisagni [2003] we compute the vertical flux of nitrate, k z Â @[NO 3 ]/@z, into the euphotic zone on the Bank. Here we use the range of diffusivities for each region based on (2), and the NO 3 flux based on NO 3 gradients estimated by Bisagni [2003] , to compute a corresponding range of NO 3 flux (not shown). Acknowledging that the averaging regions used here differ from Bisagni's [2003] ''provinces'', and that a number of the observations he used to estimate k z were also used here, we find general agreement with his results, with the possible caveat that our results offer somewhat higher spatial resolution on Georges Bank proper, while his results cover the larger Gulf of Maine region. A major conclusion from this analysis is that our data suggest possible spatial and temporal variability of NO 3 flux on scales smaller than Bisagni [2003] was able to resolve.
Summary and Conclusion
[21] We used GLOBEC broadscale survey data to estimate spatial and temporal variability of Richardson number on Georges Bank. Results showed a general tendency of increasing Ri with total water depth, although this varied by region, depth zone and season. No significant differences between the upper and lower portions of the water column were found in winter for four of the five regions, while three of the five showed a significant decrease in Ri with depth in spring. These spatial and temporal variations in Ri were due in large part to corresponding variations in N 2 , and to a lesser degree to variations in S 2 .
[22] The resulting spatial and temporal variations in Ri, combined with the few direct observations of mixing found in the literature were used to arrive at a simple step-function model of mixing on the Bank. An example of the utility of such spatially and temporally resolved estimates of diffusivities across the Bank in terms of vertical nutrient fluxes was given. Our results suggest that even coarsely resolved information about mixing can provide insight into spatial and temporal variations in physical and biological processes on the Bank. More robust coastal mixing parameterizations could greatly improve these mixing estimates.
